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                                                                                                                        Abstract

                                                            Allogeneic hematopoietic stem cell transplantation is a successful treatment for hematologic malignancies and a variety of genetic and metabolic disorders. In the period following stem cell transplantation, the immune-compromised milieu allows opportunistic pathogens to thrive. Epstein-Barr virus-associated post-transplant lymphoproliferative disease can be a life-threatening complication for transplanted patients because of suppressed T-cell-mediated immunity. We analyzed possible risk factors associated with post-transplant lymphoproliferative disease in a cohort of over 1,000 patients. The incidence of post-transplant lymphoproliferative disease was 4%. Significant risk factors identified by multivariate analysis were: human leukocyte antigen-mismatch (P<0.001), serological Epstein-Barr virus mismatch recipient−/donor+ (P<0.001), use of reduced intensity conditioning (P=0.002), acute graft-versus-host disease grade II to IV (P=0.006), pre-transplant splenectomy (P=0.008) and infusion of mesenchymal stromal cells (P=0.015). The risk of post-transplant lymphoproliferative disease has increased in more recent years, from less than 2% before 1998 to more than 6% after 2011. Additionally, we show that long-term survival of patients with post-transplant lymphoproliferative disease is poor despite initial successful treatment. The 3-year survival rate among the 40 patients with post-transplant lymphoproliferative disease was 20% as opposed to 62% among patients without post-transplant lymphoproliferative disease (P<0.001). The study identifies patients at risk of post-transplant lymphoproliferative disease after transplantation in need of pre-emptive measures.
                                                            
                                                            Introduction
Epstein-Barr virus (EBV)-associated post-transplant lymphoproliferative disease (PTLD) is a severe complication after allogeneic hematopoietic stem cell transplantation (SCT).1,2 In immune-competent individuals EBV activity is strictly regulated by specific T cells. In the immune-compromised milieu created by SCT, pathogen control is lost with viral reactivation and viremia as possible results.3 Several risk factors have been associated with PTLD after SCT.1,4 It is particularly common with EBV-related complications when different in vivo T-cell depletion strategies have been used for the prevention of graft-versus-host disease (GVHD) and/or following reduced intensity conditioning (RIC).5,6 This is a reflection of the impaired T-cell-mediated EBV-directed immunity and the presence of residual recipient B cells. A donor/recipient human leukocyte antigen (HLA) mismatch has also been associated with increased risk of PTLD,7 probably due to impaired immune reconstitution. In solid organ transplantation serological donor/recipient mismatch of EBV has been shown to increase the risk of PTLD.8 Primary immunodeficiency as the indication for SCT and older donor age are other previously identified risk factors.4,9,10
Historically PTLD was seen in heavily immunosuppressed solid organ transplant recipients and the primary treatment strategy was reduction of the immunosuppressive treatment.11 Some studies have also suggested the use of chemotherapy, with varying success.12,13 The later introduction of the monoclonal anti-CD20 antibody rituximab has decreased the PTLD mortality rate substantially with the short-term response rate being around 60%.14,15 However, few studies have reported a long enough follow-up of patients after the initial viral clearance.
Second-line treatment with both un-manipulated donor lymphocyte infusion and EBV-specific cytotoxic T-lymphocytes (CTL) has been tried.16–20 If available, the latter is preferable due to the decreased risk of developing GVHD.
The use of adoptive CTL transfer has been shown to be successful in larger cohorts.16,21 However, due to time-limiting factors it is not always possible to infuse EBV-specific CTL before the development of uncontrolled PTLD and subsequent death. Several alternative approaches have been tried in order to decrease the lag time for CTL transfer. Among other things, interferon-gamma capture of virus-specific CTL and allogeneic CTL banks containing CTL against the most common HLA haplotypes have been used with some success.16,22,23 Our group has tried separation of peptide-specific T cells with the help of magnetic beads and MHC multimers.17,18 Even though this has shown promising results, none of these strategies is yet part of standard clinical practice.
In this retrospective analysis we analyzed possible risk factors associated with the development of PTLD after SCT at our center. The earlier part of the cohort of patients was previously included in the studies by Sundin et al. and Omar et al.1,24 We found several factors that were independently associated with an increased risk of PTLD. Some of the factors seem to act synergistically, which adds additional risk of PTLD in the patients. Moreover, in spite of improved prophylaxis and rituximab use, the long-term survival of affected patients is poor.
Methods
Patients
In total 1021 patients who underwent SCT at Karolinska University Hospital in Huddinge, Stockholm, between 1996 and 2011 were included in this retrospective analysis of risk factors for and clinical outcome of PTLD. This study was approved by the regional ethical committee in Stockholm (n. 425/97). A review of patients’ charts and the clinical database identified 40 cases of verified PTLD. The characteristics of patients with and without PTLD are displayed in Table 1.
Diagnosis and treatment of Epstein-Barr virus-associated post-transplant lymphoproliferative disease
The diagnosis of PTLD was made according to the histological criteria reported for B-cell lymphoproliferative states following transplantation.25
After July 2005 (total of 446 individuals) all patients considered to be at high risk of developing PTLD were screened weekly or biweekly for EBV during the first 3 months post-SCT. In patients at low risk, quantitative polymerase chain reaction (PCR) analysis was performed if EBV reactivation was suspected. From July 2005 all patients were treated with rituximab if the EBV load was >10 000 copies/mL.
Thirty-five of the patients were treated with rituximab. More details are available in the Online Supplementary Methods section.
Conditioning regimen, graft-versus-host disease prophylaxis and stem-cell source
RIC was used in 402 patients, while myeloablative conditioning was given to 619 patients. Antithymocyte globulin (ATG) was given to 705 patients as part of the conditioning with the last dose on day −1. ATG was used in all patients with an unrelated or mismatched donor and in all patients with a non-malignant disease, independently of the type of donor. A few patients with a sibling donor treated with RIC (n=44) were also given ATG. The graft source was bone marrow in 361 cases, peripheral blood in 608 and umbilical cord blood in 52. For more details regarding conditioning regimens, GVHD prophylaxis and stem-cell source see the Online Supplementary Methods section.
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Table 1.Patients’ characteristics and univariate analysis.
Statistics
Overall survival was calculated using the Kaplan-Meier method and compared with the log-rank test. Survival time was calculated from the day of transplantation until death or last follow-up. The incidence of PTLD was estimated using an estimator of cumulative incidence curves. Death without PTLD was considered as a competing event. Predictive analyses for PTLD were based on the proportional hazard model for sub-distribution of competing risk. Univariate and multivariate analyses were then performed using the Gray test and the proportional sub-distribution hazard regression model of Fine and Gray.26 A stepwise backward procedure was used to construct a set of independent predictors. All predictors with a P-value below 0.10 were considered and sequentially removed if the P-value in the multiple model was above 0.05. All tests were two-sided. The type I error rate was fixed at 0.05 for factors potentially associated with time-to-event outcomes. Several factors were analyzed in the univariate analysis (Online Supplementary Methods). Time-dependent variables were only included if they occurred before the diagnosis of PTLD (minimum interval >1 week). Categorical parameters were compared using the χ test and continuous variables were compared using the Mann-Whitney test. Analyses were performed using the cmprsk package (developed by Gray, June 2001), Splus 6.2 software and Statistica software.
Results
Incidence of post-transplant lymphoproliferative disease
PTLD was diagnosed in 40 (4%) of the 1021 patients transplanted between 1996 and 2011 (Figure 1). The median time of PTLD onset was 71 (range, 38–1199) days post-SCT. In 30 (75%) patients, the PTLD occurred within 100 days after SCT. The majority (93%) of the PTLD diagnoses were based on positive PCR of EBV in peripheral blood in combination with an EBV-positive biopsy, whereas in the remaining the diagnosis was clinical and corroborated with computed tomography scans. All patients with PTLD, in contrast to 70% of the unaffected patients, had received ATG as GVHD prophylaxis. In the PTLD group 23% received infusions of mesenchymal stromal cells (MSC) at the time of hematopoietic stem cell infusion as support of engraftment and GVHD prophylaxis, or as salvage therapy of GVHD or hemorrhagic cystitis treatment. Only 5% of the patients without PTLD received MSC (Table 1).
[image: ]

Table 2.Multivariate analysis of risk factors for EBV-PTLD after hematopoietic stem cell transplantation.
Univariate analysis of risk factors for post-transplant lymphoproliferative disease
In the univariate analysis 11 factors that had a significant association with PTLD after SCT were identified. In order of significance level, these factors were: ATG as GVHD prophylaxis (P<0.001), splenectomy (P<0.001), HLA-identical non-sibling donor (P<0.001), HLA-mismatched donor (P<0.001), lymphoma (P=0.002), EBV serological mismatch (P=0.002), EBV recipient-negative/donor-positive (P=0.002), use of MSC (P=0.004), second SCT (P=0.004), acute GVHD grades II–IV (P=0.02) and not using cyclosporine A and methotrexate as GVHD prophylaxis (P=0.038). Factors with a statistical trend were the use of RIC (P=0.06), cord blood grafts (P=0.07) and negative recipient EBV serology (P=0.07) (Table 1). The splenectomized patients had the following indications for SCT: non-malignant disease (n=3), acute leukemia (n=4), lymphoma (n=10), chronic lymphocytic leukemia (n=2), myelodysplastic syndrome (n=6) and solid tumor (n=2).
[image: ]

Table 3.Cumulative incidence of PTLD for the risk factors found in multivariate analysis.
Multivariate analysis of risk factors for post-transplant lymphoproliferative disease
A multivariate analysis identified six significant risk factors for PTLD after SCT. The risk factors, ordered in degree of significance, were: HLA-mismatch, serological EBV mismatch recipient-negative/donor-positive, use of RIC, the appearance of acute GVHD grades II–IV, splenectomy prior to SCT and the infusion of MSC (Table 2). All patients developing PTLD also received ATG; consequently, this factor had to be excluded, otherwise it would have interfered with the further multivariate analysis. The statistical software is not able to calculate correct predictions if all PTLD patients are positive for one factor (i.e. ATG in this case).
[image: ]

Figure 1.Incidence of PTLD in 1021 patients transplanted between 1996 and 2012.
Risk factors and the cumulative incidence of post-transplant lymphoproliferative disease
The cumulative incidences of PTLD in patients with and without the risk factors found in the multivariate analysis are shown in Table 3.
After correction for multiple comparisons, EBV recipient-negative/donor-positive (P=0.002), RIC (P=0.034) and HLA mismatch (P<0.001) remained statistically significant factors associated with PTLD.
We also performed a multivariate analysis stratified for SCT before or after 2005, which showed no major difference compared to the non-stratified analysis regarding risk factors, incidence and outcome after PTLD. The reason for applying this time period cutoff was the introduction of routine PCR monitoring of patients at high risk of developing PTLD.
[image: ]

Figure 2.Risk of PTLD after allogeneic stem cell transplantation according to number of risk factors (RF) identified in multivariate analysis. Categories; 0–1, 2, 3, 4 or 5 risk factors.
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Figure 3.Incidence of PTLD and frequencies of risk factors over time. (A) Incidence of PTLD in percentage divided in the indicated time periods. (B) The frequency of identified risk factors (RF) in the patients during the indicated time periods. Chosen risk factors were found to be statistically significant in multivariate analysis. MM denotes HLA mismatch; RIC, reduced intensity conditioning; GVHD, graft-vs.-host disease grade II–IV; MSC, mesenchymal stromal cell treatment; EBV, EBV serology mismatch. (C) The frequency of patients with more than two risk factors in the indicated time periods.
To illustrate the impact of several simultaneous risk factors on PTLD incidence, a risk factor index was created comparing the risk for patients developing PTLD dependent on how many risk factors they had. The seven included risk factors were the ones found to be statistically significant in the multivariate analysis (Table 3). In individuals with one risk factor (ATG included) the cumulative incidence of PTLD was 0.4%. For individuals with two risk factors the incidence increased to 3.0%. For patients with three, four and five risk factors the cumulative incidences were 10.4%, 26.5% and 40%, respectively (Figure 2). None of the patients was found to have six or seven risk factors simultaneously.
Development of post-transplant lymphoproliferative disease over time
Survival after allogeneic SCT has been reported, by our and other centers, to have increased during the last decade.27 It was, therefore, of interest to study the incidence of PTLD with regard to the year of transplantation. We divided the time-period into six 3-year intervals starting from 1996 (Figure 3A). We observed a significant increase in the cumulative incidence of PTLD in 2011–2012 compared to that in the earliest periods studied, 1996–98 and 1999–01 (Figure 3A). When studying the incidence of risk factors during the different time periods it became clear that the majority of this increase is due to the extended use of RIC in the later time periods. The decreases in the number of patients with mismatches in MHC or recipient-negative/donor-positive EBV serology in later years were also notable (Figure 3B).
Treatment and outcome of post-transplant lymphoproliferative disease
Many studies have described a response rate for viral clearance with rituximab of over 50%, but few have reported on long-term survival.15,16 The survival rates for patients who developed PTLD in this study were 28%, 23% and 20% at 1, 2 and 3 years after SCT, respectively (Figure 4). The survival rate at 100 days after the diagnosis of PTLD was 33%. There was no significant difference between patients diagnosed with PTLD early or late in the period studied (1996–2004 compared to 2005–2012). Thirty-two of the 40 patients (80%) with PTLD died, and the median time to death was 16 days (range, 0–674) after development of PTLD. PTLD was the primary or contributing cause of death in 26 patients (81%), while two patients died from relapse, three of other infections and one patient died of cerebral hemorrhage. All received rituximab except five patients (diagnosed between 1996 and 2004). One of these five patients was diagnosed with PTLD post-mortem while the others were diagnosed before the introduction of rituximab therapy. Eight patients were treated with donor lymphocyte infusion and eight patients with virus-specific T cells. Four of the virus-specific T-cell products were prepared from donor blood by repetitive stimulation with lymphoblastoid cell lines.20 In one patient the cells were obtained from an allogeneic CTL bank.22 In two patients the T cells were purified from haplo-identical relatives by the interferon-gamma capture technique. One patient received T cells, obtained by separation by MHC-multimers and magnetic beads, from the haploidentical mother.17
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Figure 4.Cumulative survival of patients with (dotted line) our without (solid line) diagnosed PTLD.
In order to investigate the efficacy of different PTLD treatments, the patients were divided into groups depending on treatment strategy. Five patients did not receive rituximab, 21 patients received only rituximab and 14 individuals received rituximab and additional treatment (chemotherapy, donor lymphocyte infusion or virus-specific CTL). The rates of complete response (defined according to Cheson et al.28) were 0% for patients with no treatment, 29% in the rituximab group and 50% for those receiving rituximab with additional treatment (P=0.11). The 1-year overall survival rates in the corresponding groups were 20%, 24% and 40%, respectively (P>0.5).
Discussion
EBV-PTLD is a result of SCT-induced compromised virus-specific immunity.29 RIC in combination with in vivo or ex vivo T-cell depletion has been shown to be a particularly important risk factor.1,30 This is logical since the natural site of EBV tropism is B cells. After RIC these lymphocytes have a prolonged period to undergo virus-driven blast cell transformation in the absence of the normally strictly regulated control from EBV-specific T cells. This previous finding was confirmed in our study by the multivariate statistical analysis (Table 3). Our study also verifies other earlier reported risk factors for PTLD after SCT, e.g. mismatches in HLA and serological EBV status between donor and recipient.1,7 These two factors were highly significant in our study also after multivariate analysis (Table 3).
Acute GVHD is a known risk factor for PTLD due to the impairment in specific immune responses induced by the pro-inflammatory cytokine storm.31 The chronic antigen stimulation seen in GVHD and the use of profound immunosuppressive treatment probably contribute as risk factors for PTLD. It was not possible to evaluate the role of chronic GVHD as only ten cases of PTLD occurred later than 100 days after SCT and some of the cases occurred before chronic GVHD developed.
The use of ATG is a known risk factor for PTLD. ATG is used with the aim of reducing the risk of graft rejection and GVHD by in vivo removal of both recipient and donor T cells. This will immunosuppress the patient paving the way for EBV reactivation and PTLD. In our study all patients with PTLD had received ATG which made it impossible to include this factor in the multivariate analysis. No correlation was found between any specific brand of ATG and the development of PTLD.
In agreement with the findings of our previous study, splenectomy was a significant risk factor for EBV-PTLD.1 Patients with lymphoma as the indication for SCT are often splenectomized prior to the transplant. Lymphoma, itself, as a risk factor for PTLD was only demonstrated by univariate analysis in the present study, in contrast to splenectomy which was also found to be significant by multivariate analysis. This may argue for a distinct role of the spleen per se in the control of PTLD. The spleen is an important part of the immune system, especially with regards to humoral immunity. In addition to T-cell immunity, there might be a role for B cells and immunoglobulins in the defense against EBV.32 Recent studies have re-discovered other B-cell related functions.33 Certain B-cell sub-populations, such as CD5 B-1 cells, are dependent on, and reside almost exclusively in the spleen. CD5 B-cells are not only responsible for T-cell-independent antibody production, but also for important immune regulatory functions.34 A potential scenario is that CD5 maintenance is impaired in patients after splenectomy and the regulatory B-cell function may, therefore, also be impaired, resulting in increased EBV-blast expansion.
MSC, which have an immune inhibiting effect,35 were also identified as a separate risk factor for PTLD in both our univariate and multivariate statistical analyses. EBV-PTLD was earlier reported in a patient who was treated with MSC for chronic GVHD and the possibility of MSC-induced EBV PTLD was discussed in this context.36 MSC have been used to treat GHVD, as attempts to treat hemorrhagic cystitis, and to support hematopoietic engraftment.37–39 Results of an in vitro study suggested that MSC selectively inhibit allo-induced CTL, but not EBV-specific CTL.40 This has not, however, been verified in vivo. In addition to the immunosuppressive effect of MSC infusions as an explanation for the increased risk of PTLD, a stimulatory effect on the EBV-transformed blast cells could also be considered in analogy with bone marrow stromal cells supporting B-cell development.41,42
Serological EBV mismatch between donor and recipient has been shown to be a risk factor for EBV-PTLD after solid organ transplantation.8 The risk following SCT is not as clear, with some studies favoring this,1 and others failing to find the association.43 Both after solid organ transplantation and SCT, an EBV-negative recipient and an EBV-positive donor is the most unfavorable combination with regards to the risk of EBV-PTLD1,8 (Table 2).
The overall frequency of PTLD in our cohort was 4% which is in line with some of the earlier reports.1,44 It is interesting that the incidence of PTLD has increased with time (Figure 3). Large parts of this increase can probably be explained by the introduction of RIC (Figure 3B). Additional explanations may be the increased awareness regarding EBV-driven PTLD and the easy availability of PCR for monitoring.24 It is likely that PTLD was somewhat under-diagnosed in our institute before 2003, when routine PCR monitoring was introduced.
The introduction of rituximab has decreased the short-term mortality in patients with PTLD, but reports on long-term follow-up are lacking in the literature. In our cohort only 28% of patients with PTLD were alive 1 year after diagnosis (Figure 4). Thirty-five patients (88%) were treated with rituximab according to the standard protocol. In addition, ten and seven patients were treated with EBV-specific CTL or donor lymphocyte infusion, respectively, alone or in combination with rituximab.
No significant differences were found between survival rates of PTLD patients who were untreated, treated with rituximab or treated with rituximab in combination with other therapies. This apparent lack of impact of treatment is probably an effect of the small sample size. When assessing the response rate and actual survival rates in the different groups they showed rather different patterns.
It is clear from our data that even if rituximab initially resolves the PTLD in most cases, a considerable proportion of patients still eventually succumb from other causes. Whether this meager long-term survival mirrors a poor immune reconstitution in these individuals and/or additional suppression due to the PTLD treatment strategy is difficult establish. It does, however, illustrate that these individuals would benefit from pre-emptive measures rather than therapeutic ones. Pre-emptive therapy with rituximab has been elegantly used to inhibit viral EBV reactivation and prevent or treat PTLD.14,15 The increased risk of PTLD in individuals with multiple risk factors is clearly shown in our cohort, in which patients with more than three risk factors had a 26.5% probability of developing PTLD (Figure 2). This is a highly relevant and manageable group to select for future pre-emptive measures, such as rituximab and EBV-specific CTL if possible.
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